ABSTRACT. Beach rock is a good indicator of the past sea levels, as it is considered to have been formed within the range of intertidal zone. Radiocarbon dates of beach rocks collected from Iriomote Island, Ishigaki Island, and Miyako Island, in the southern part of the Nansei Islands, indicate that the beach rocks were formed between around 4000 BP and 400 BP. Late Holocene sea-level changes were revealed based on the elevations and 14 C dates of the beach rocks. The results indicate that the sea level was similar to the present one for at least the past 4000 BP. Isotopic fractionations (δ 13 C) of the beach rocks were between +9.40‰ and −0.08‰, suggesting a different origin for calcium carbonate.
INTRODUCTION
Nansei Islands (Ryukyu Retto) form an island arc, situated between Kyusyu and Taiwan. The arc extends about 1200 km parallel to the eastern edge of the Eurasian Plate. Iriomote Island, Ishigaki Island, and Miyako Island are situated in the southern part ( Figure 1 ). These islands are subject to the influence of the Kuro Shio, which derives its origin from North Equatorial Current (warm currents), forming many fringing reefs, and sheltering most of the shores of the islands from strong wave erosion. The average maximum spring tide in the surveyed area is 1.3 m at Ishigaki Island.
The geology of the islands consists of the Paleozoic rocks, metamorphic rocks, volcanic rocks, the Pliocene sedimentary rocks, and Quaternary coral limestone. The coastal geomorphology is characterized most often by rocky coasts, but in other places by sandy beaches, in which a small scale of coastal plains develop. On the sandy beaches, beach rocks are observed frequently within the range of the intertidal zone where the beach sediments were cemented by calcium carbonate. Therefore they are not only good indicators which show the past sea levels, but also good sample material for radiocarbon dating.
In order to determine the formative ages of beach rocks and to reconstruct the Late Holocene sealevel changes in the southern part of the Nansei Islands, 41 beach rock samples were collected from Iriomote, Ishigaki, and Miyako Islands by the author. Elevations of each sampling site of the beach rocks and local tide change were measured by using a Nikon Laser Level or Nikon Total Station. The sample materials collected from the three islands for 14 C dating were fossil shells and coral samples embedded in the beach rocks otherwise calcarenite or calcirudite. They were 14 C dated by the author at the Radiocarbon Dating Laboratory of Nihon University.
The isotopic fractionations of 41 beach rock samples were measured by Dr Toshio Nakamura, Professor of Nagoya University, and Mr Shigeru Ito and Mr Tomohiro Ohkawa, Systems Engineering Department of Marubun Corporation, Tokyo. Professor Nakamura analyzed 18 beach rock samples collected from Iriomote Island and Ishigaki Islands using MAT-252, while Mr Ito and Mr Ohkawa analyzed 19 beach rock samples collected from Miyako Island and 4 beach rock samples collected from Ishigaki Island using Optima of College of Humanities and Sciences, Nihon University.
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DESCRIPTIONS OF SAMPLING SITES AND RESULTS OF RADIOCARBON DATINGS
Samples Collected from Iriomote Island
Iriomote Island is situated at 24º20′N and 123º50′E (Figure 1 ), forming a rectangular area of 20 km per side, with an area of 289 km 2 . The highest peak of the island is Mt Komi (470 m asl) situated in the eastern part of the island. The island consists mainly of dissected highlands of around 400 m asl, considered to be a peneplain (Kawana 1988) . High sea cliffs whose heights reach about 200-300 m asl develop along the west and south coasts. The bedrocks are the Paleozoic overlay the Miocene Yaeyama Formation and the Pleistocene Ryukyu limestone.
The development of beach rock is limited to small north and northwest sandy beaches where 6 beach rock samples were collected by the author from 30 April to 1 May 1999 (Figure 1, IR) . They consist of one coral sample, two shell samples, and the rest calcirudite (or calcarenite). The beach rock Table 1. observed at Soya (Figure 1 , IR-1) was situated within the range of the intertidal zone, but its distribution was limited to a very small area. It is now impossible to reconstruct its original landform and to measure its length, width and inclination, as it has completely lost its original landform. While at Hoshizuna beach (Figure 1, IR-2 ), its length, width and inclination were about 40 m, 5-6 m, and approximately 4 degrees seaward, respectively. The upper part of the beach rock has obviously emerged and is undergoing wave erosion. The characteristics of each beach rock in relation to elevation, length, width, inclination and 14 C dates are shown in Table 1A and reported by the author (Omoto 2001) .
Samples Collected from Ishigaki Island
Ishigaki Island is situated about 20 km east of Iriomote Island, at 24º25′N and 124º11′E (Figure 1 Table 1B .
Samples Collected from Miyako Island
Miyako Island is situated approximately 120 km to the east of Ishigaki Island, at 24°46′N and 125°20′E, forming a triangular form with an area of 158 km 2 . The geology of the island consists of the Pliocene Shimajiri Formation, the Pleistocene Ryukyu limestone, and elevated coral reef sediments.
The highest peak is Mt Noharadake (108.5 m asl) in the center of the island. On the east coast, there is a straight bluff that stretches from northwest to southeast for more than 20 km. Several narrow and low relief hilly lands run parallel to the east coast and the island inclines obviously from east to west. The landform is characterized by a flat, elevated terrace. These landforms resemble the small scale of cuesta 1 topography. Kawana and Pirazzoli (1984) determined the distribution of the beach rocks based on the interpretation of aerial photographs and confirmed 25 sites of beach rock distributions in their field survey. They collected four shell samples from the island, and reported their 14 C dates (shown with Lab code N in Table 1 ). 
K Omoto
Most of the beach rocks were observed within the range of the intertidal zone on the sandy beaches surrounding the island. However at Loc. 3 ( Figure 1 , MY-3) the beach rocks have obviously emerged (Figure 2 ; Omoto 1999b). The maximum length of the beach rocks reach 500 m and their width reach 70 m. The seaward dips of the beach rocks are between 5 and 10 degrees. These beach rocks develop very well surrounding the island.
The author collected 19 beach rock samples from 12 sites (Figure 1 , MY) between 26 and 28 December 1993, and between 28 and 30 December 1998. They are 2 coral samples, 7 shell samples, and 10 calcirudite (or calcarenite) samples. The characteristics of each beach rock with respect to elevation, length, width, inclination, and 14 C dates were reported by the author (Omoto 1999b) and are also shown in Table 1C .
Isotopic Fractionations (δ 13 C) of Beach Rock Samples
The results of isotopic fractionations (δ 13 C) for the 41 beach rock samples analyzed are expressed in Table 1 and Table 2 . According to Table 1 , the maximum δ 13 C value throughout 41 beach rock samples was +9.40‰ (calcarenite and Tridacna sequamosa samples) and the minimum was −0.08‰ (calcarenite sample). The isotopic fractionations among four kinds of sample materials indicated different values. That is, the value of δ 13 C for the calcirudite samples ranged from 8.79‰ to 1.18‰, and their mean value was 5.83‰. While the value of δ 13 C for the calcarenite samples ranged from 9.40‰ to −0.08‰ and their mean value was 3.21‰. The value of δ 13 C for Tridacna sequamosa samples ranged from 9.40‰ to 1.36‰, and their mean value was 5.13‰. While the value of δ 13 C for the coral samples ranged from 7.04‰ to 0.46‰ and their mean value was 2.35‰.
At Iriomote Island, 6 beach rock samples were analyzed. The maximum, minimum and mean δ 13 C values were 8.40‰ (calcirudite), 2.10‰ (Goniastrea), and 5.06‰, respectively. The mean δ 13 C val- At Ishigaki Island 16 beach rock samples were analyzed. The maximum, minimum and mean δ 13 C values were 9.40‰ (calcarenite and Tridacna sequamosa samples), 0.46‰ (Cyphastrea sp.), and 5.40‰ respectively. The mean δ 13 C value among the calcirudite (7.94‰), calcarenite (8.21‰) and Tridacna sequamosa (8.05‰) samples coincide with each other, however they differ from the mean δ 13 C value for the coral samples (2.77‰).
At Miyako Island 19 beach rock samples were analyzed. The δ 13 C values of maximum, minimum and mean were 5.40‰ (Tridacna sequamosa), −0.08‰ (calcarenite) and 2.40‰, respectively. The mean δ 13 C value among the calcirudite (1.47‰), calcarenite (1.89‰) and coral samples (1.33‰) coincide with each other, however they also differ from the mean δ 13 C value for the Tridacna sequamosa samples (3.65‰).
The mean δ 13 C value obtained from Iriomote Island (5.06‰) and Ishigaki Island (5.40‰) coincide, however they differ significantly from the mean δ 13 C value obtained from Miyako Island (2.40‰).
The above-described data are summarized and shown in Table 2 .
DISCUSSION
Correction of Radiocarbon Ages
Prior to discussions, the author corrected 14 C dates based on the figures for isotopic fractionations (δ 13 C) of each sample and ocean reservoir effect.
The figure for the ocean reservoir effect used in this paper is 450 yr based on TH-104 (Omoto 1976) which was determined using modern coral samples (Acropora sp.) collected from Naha, Okinawa Prefecture, before World War II by Dr Shoshiro Hanzawa, Emeritus Professor of Tohoku University.
As there was no data for the ocean reservoir effect in the surveyed area, the author used this figure instead of the mean correction value for the world's oceans. According to Stuiver and Braziunas (1993) the average figure of the reservoir effect for the world's oceans is estimated to be 400 yr. Therefore, it seems a satisfactory and compatible value compared with the generally accepted figure (Stuiver and Braziunas 1993) for the ocean reservoir effect. Although the different materials were collected from the same locality and horizon, the result of 14 C dating brought diversity in ages, except Loc. 2 of Iriomote Island where the four dates coincided. But in Loc. 2, 3, and 5 at Ishigaki Island, and Loc. 1, 2, and 9 at Miyako Island, the corrected ages did not coincide within the range of ±2 σ error.
Origin of Calcium Carbonate
The value of isotopic fractionation (δ 13 C) for marine carbonates and organisms has been reported by Vogel and Ehhalt (1963) , Stuiver and Polach (1977) , Gey and Schleicher (1990) , and Stuiver and Braziunas (1993) . According to Geyh and Schleicher (1990) the value is within the range of ±2‰. The maximum figure of isotopic fractionations (δ 13 C) for the beach rocks collected from the surveyed area showed +9.40‰ (Table 1) . If the calcium carbonate of the beach rocks originated from seawater, the isotopic fractionation should be within the range of ±2 σ. However, maximum and mean δ 13 C values indicated a figure four times larger than those reported by the above-mentioned authors. The results suggest that the materials consisting of beach rocks were obviously affected by a different calcium carbonate origin, possibly provided when they were cemented in the intertidal zone.
Another possibility for the diversity is that the figure for the ocean reservoir effect in the late Holocene period might have been different from the modern standard. However, there is not enough δ 13 C data to speculate on the problem from a statistical point of view. Therefore it is also difficult to clarify the origin of the calcium carbonate in the beach rocks, and to demonstrate the figure for the Figure 3 Relationship between δ 13 C values and 14 C ages obtained from Iriiomote, Ishigaki, and Miyako Islands
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past ocean reservoir effect. The author needs further δ 13 C data on the beach rocks in order to come up with an accurate answer.
Formative Age of the Beach Rocks Kawana and Pirazzoli (1984) presumed that the 14 C age of Tridacna squamosa in the beach rocks collected from Miyako Island, about 120 km east of Ishigaki Island, was not much older than the formative age of the beach rocks. Strictly speaking, some time delay may exist between the formative age of beach rock and the measured 14 C age. That is, the materials used for 14 C dating were essentially marine carbonates and organisms. And they were carried from their original habitats to the intertidal zone by ocean waves, deposited on the beach, cemented with other beach sediments by calcium carbonate and then became beach rock.
The age of coral and shell samples from the beach rock indicates only the time of death of marine organisms, not the formative age of the beach rock. When we measured calcarenite or calcirude as a dating material, the calcium carbonate, which worked as an adhesive, might have derived its origin from underground water or seawater. If it was derived through the ground by underground water, especially on the island, which consisted of coral limestone, the measured age may indicate an older 14 C age rather than the true age. This is because the underground water might contain dead carbon originating in the limestone. In this case, it may be possible to distinguish the source of the calcium carbonate based on the values of isotopic fractionations (δ 13 C).
The beach rock samples were usually collected from the uppermost position (top layer). When the seaward width of the beach rock exceeds 20 m, not only the topmost layer of the beach rock, but also the middle and landward specimens were collected to check the growth rate of the beach rock. According to Kawana and Pirazzoli (1984) , the seaward growth was 4.2 cm/yr at Miyako Island. While vertical growth rate at Aguni Island, in the center of The Nansei Islands was 0.15 cm/yr (Omoto 1999a) . The width of the beach rocks in the surveyed islands was usually shorter than 20 m and never exceeded 100 m, nor did their thickness exceed 1 m. These data suggest that the beach rocks have been cemented usually within a short period not exceeding 500 yr. The widest beach rocks occur at Miyako Island (Loc.2) where the width is approximately 70 m and the formation had a duration of about 1200 years.
The author has considered that even if the materials consisting of the beach rocks were different, the corrected ages whose materials were collected from the same horizon should indicate the same age within a range of error ±2 σ. To demonstrate this hypothesis the author collected different kinds of sample materials (i.e. calcirudite or calcarenite, coral, and shell samples) from each sampling site and horizon. But the corrected ages never coincided and the hypothesis could not be demonstrated.
14 C dates of beach rocks collected from the southern part of the Nansei Islands indicate that they were formed between around 4000 BP and 400 BP. At Iriomote Island the beach rocks were formed at around 4000 BP, 3500 BP, and 3100 BP, respectively. While at Ishigaki Island the beach rocks were formed at around 2300 BP, between 2000 BP and 850 BP, and at around 500 BP, respectively. At Miyako Island the beach rocks were formed between 3600 BP and 3300 BP, at around 2700 BP, at 2000 BP, between 1700 BP and 900 BP, and at 400 BP, respectively. These dates indicate the formative periods and/or ages of the beach rocks in the surveyed islands.
Late Holocene Sea-Level Change
The well-developed marine terrace surfaces and the existence of notches are excellent indicators of the past sea level changes and/or uplifts. If their formative ages could be determined, we would be able to reconstruct the past sea level changes and/or uplifts by using their formative ages and elevations. The Holocene marine terrace surfaces develop poorly at Ishigaki Island and Iriomote Island although marine terrace surfaces develop at Miyako Island where they were formed during the Pleistocene. The notches developed well surrounding the islands, however no reliable 14 C ages indicating their formative ages were obtained. Based on the pieces of evidence in the surveyed area, the author could not find notable neotectonic upheaval throughout the Holocene period.
Therefore it is possible to estimate the late Holocene sea level changes in the southern part of The Nansei Islands based on the elevations and 14 C dates of beach rocks collected from the three islands. Almost all of the beach rocks observed in the surveyed area were situated within a range corresponding to the present intertidal zone. Based on these data the past sea level existed at a level similar to the present one, that is, it has maintained almost the same level as the present one since at least 4000 BP (Figure 4 ).
CONCLUSION
The results of this study may be summarized as follows.
4. Four kinds of materials consisting of beach rocks were collected from the same horizon to demonstrate the hypothesis that the 14 C age of beach rocks after isotopic corrections should indicate the same age within ±2 σ error. But the corrected 14 C dates showed diversity in most places. 5. The maximum figure of δ 13 C obtained from the beach rock samples is four times larger than those reported previously. The difference of δ 13 C values among beach rocks demonstrates that beach rocks were evidently affected by a different origin of calcium carbonate, which possibly occurred when they were cemented. 6. Another possibility is that the figure for the past ocean reservoir effect might have been a different one when compared with those of modern standards.
To discuss precisely the origin of calcium carbonate and the cementing process of the beach rocks, and the past ocean reservoir effect, the author needs more data on δ 13 C values obtained from the beach rocks.
